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Nineteen normal subjects and five patients with atrial fibrillation 
underwent transesophageal and transthoracic echocardiographic 
studies to evaluate the normal pulmonary venous flow pattern, 
compare right and left pulmonary venous flow and assess the effect 
of sample volume location on pulmonary venous flow velocities. 
Best quality tracings were obtained by transesophageal echo-
cardiography. Anterograde flow during systole and diastole was 
observed in all patients by both techniques. Reversed flow during 
atrial contraction was observed with transesophageal echocar-
diography in 18 of the 19 subjects in normal sinus rhythm, but in 
only 7 subjects with transthoracic echocardiography. Two for-
ward peaks during ventricular systole were clearly identified in 14 
subjects (73 %) with transesophageal echocardiography, but in 
none with the transthoracic technique. The early systolic wave 
immediately followed the reversed flow during atrial contraction 
and was strongly related to the timing of atrial contraction (r = 
0.78; P < 0.001), but not to the timing of ventricular contraction, 
and appeared to be secondary to atrial relaxation. Conversely, the 
late systolic wave was temporally related to ventricular ejection 
(r = 0.66; p < 0.001), peaking 100 ms before the end of the aortic 
valve closure and was unrelated to atrial contraction time. 
Transmitral flow velocities recorded by pulsed Doppler 
echocardiography correlate well with invasive measure-
ments of diastolic left ventricular filling (I). However, dias-
tole itself is a complex phenomenon in which multiple and 
interrelated processes take place. Although a number of 
indexes of diastolic function based on transmitral flow anal-
ysis have been proposed (2), no single factor seems to be 
adequate for separating patients with normal from those with 
abnormal diastolic function (2). 
It was recently demonstrated (3) that pulmonary venous 
flow velocities reflect changes in left atrial pressure during 
the cardiac cycle. Therefore, by analyzing both pulmonary 
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Quantitatively, significantly higher peak systolic flow velocities 
were obtained in the left upper pulmonary vein compared with the 
right upper pulmonary vein (60 z 17 vs. 52 ± 15 cm/s; p < 0.05) 
and by transesophageal echocardiography compared with trans-
thoracic studies (60 ± 17 vs. 50 ± 14 cm/s; p < O.05}. Increasing 
depth of interrogation beyond 1 cm from the vein orifice resulted 
in a significant decrease in the number of interpretable tracings. 
The effect was minimal on systolic flow velocities, but diastolic 
flow velocities decreased significantly at 2 cm (44 ± 9 vs. 36 ± 
3 cm/s; p < 0.05). 
Thus, four distinct phases can be distinguished in normal 
pulmonary venous flow by transesophageal echocardiography: 
two anterograde flow waves during ventricular systole generated 
by atrial relaxation and ventricular contraction, respectively, an 
anterograde flow wave during diastole and one reversed (retro-
grade) flow wave during atrial contraction. Significantly better 
quality tracings with distinctive phasic peaks are identified by 
transesophageal echocardiography. A depth of 0.5 to 1 cm pro-
vides the optimal location for interpretable velocities and stable 
recordings. 
(J Am Coll CardioI1991;18:65-71) 
venous and mitral flow and their relation, a more complete 
evaluation of left ventricular diastolic function may be 
possible (4). However, because pulmonary veins are located 
far away from the transducer in the apical four-chamber 
view, pulmonary venous flow assessment by pulsed Doppler 
transthoracic echocardiography is limited. 
Transesophageal echocardiography with pulsed Doppler 
and color flow imaging capabilities provides an excellent 
means to evaluate pulmonary venous flow velocities (5). The 
proximity of the pulmonary veins to the transducer by the 
posterior transesophageal approach offers high resolution 
images of these cardiac structures and the opportunity to 
locate the sample volume precisely in the orifice or farther 
into the vein. 
The purpose of the present study was primarily to eval-
uate the normal pulmonary venous flow pattern as assessed 
by transesophageal and transthoracic Doppler echocardiog-
raphy. Second, we analyzed whether the right and left upper 
pulmonary venous flows could be used interchangeably 
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because both can be easily interrogated by transesophageal 
Doppler echocardiography. Finally, the effect of sample 
volume location on the transesophageal Doppler-derived 
pulmonary venous flow velocities was also evaluated. 
Methods 
Study patients. The study group consisted of 24 subjects 
(11 men and 13 women; average age 37 ± 13 years [range 20 
to 65]) with a structurally normal heart who underwent 
transesophageal and transthoracic echocardiographic stud-
ies. Written informed consent was obtained from all. Fifteen 
subjects were studied for various reasons and nine were 
healthy volunteers without any cardiac complaints or history 
of cardiovascular disease. No echocardiographic cardiac 
abnormalities were observed in any subject, except for 
trivial mitral regurgitation detected only by transesophageal 
echocardiography in seven. Nineteen patients had sinus 
rhythm and five had atrial fibrillation without significant 
mitral valve disease or other cardiac abnormalities. 
Echocardiographic Examination 
Transesophageal echocardiographic studies. All studies 
were performed with the patient in the left lateral decubitus 
position. After topical anesthesia of the hypopharynx with 
10% cetacaine and light intravenous sedation with midazo-
lam or meperidine, or both, a Hewlett-Packard 5 MHz 
transesophageal probe was introduced into the esophagus. 
The endoscope was advanced approximately 25 to 30 cm 
from the incisors to obtain a short -axis scan at the base of the 
heart. By tilting the tip of the transducer superiorly, the 
upper pulmonary veins were imaged coursing anteroposte-
riorly into the left atrium. Doppler color flow imaging was 
very useful in identifying right and left upper pulmonary 
venous flow and in aligning the Doppler beam as parallel as 
possible. The pulsed wave sample volume (5 mm width) was 
then placed at the orifice of the left upper pulmonary vein 
and sequentially moved back into the vein in 0.5 cm incre-
ments. Filters were set to the minimum and gain settings 
were carefully adjusted at each depth to obtain optimal 
spectral display. Slight clockwise rotation of the transducer 
was necessary to interrogate the right upper pulmonary vein. 
Recordings were obtained in a similar fashion at the orifice 
level in 12 subjects. 
With further advancement and retroflexion of the endo-
scope, a four-chamber scan of the heart was obtained to 
interrogate the mitral inflow jet. The sample volume was 
placed at the tips of the mitral valve leaflets. The Doppler 
display was inverted so that mitral flow was depicted above 
the baseline as it is displayed in conventional transthoracic 
Doppler ultrasound. 
With minimal anteflexion of the endoscope, left ventric-
ular outflow was displayed and the sample volume was then 
positioned between the outflow tract and the anterior mitral 
leaflet to obtain aortic valve opening and closure signals. In 
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most instances, the mitral valve opening signal could also be 
registered simultaneously. All Doppler recordings were 
printed on a strip chart recorder at a speed of 100 mm/s. 
Transthoracic echocardiographic studies. All studies were 
performed with the patient in the left lateral decubitus 
position. After a complete two-dimensional and Doppler 
color flow study with a Hewlett-Packard 77020 unit with a 
2.5 MHz transducer, pulmonary venous and transmitral 
flows were interrogated by pulsed wave Doppler ultrasound. 
From the apical four-chamber view, mitral flow was ob-
tained by placing the sample volume (5 mm width) at the tips 
of the mitral valve leaflets. Pulmonary venous flow was 
obtained from the same echocardiographic view. Again, 
Doppler color flow imaging was very useful in identifying the 
right and left upper pulmonary veins emptying in the left 
atrium and aligning the Doppler beam as parallel to flow as 
possible. The sample volume was then placed at the orifice 
of both pulmonary veins and the Doppler recordings were 
printed on a strip chart at a speed of 100 mm/s. Doppler angle 
correction was not attempted in either transesophageal or 
transthoracic studies. 
Doppler analysis and timing. Analysis of the Doppler 
velocity recordings was performed with a PCI AT computer 
interfaced with a Summagraphics digitizing tablet and cus-
tom-developed software. In patients with sinus rhythm, the 
Doppler velocity curve of five cardiac cycles was digitized 
through the darkest gray scale and the individual values 
obtained were averaged. 
Normal respiratory changes resulted in a relatively wide 
variation of the RR interval. Because Doppler flow tracings 
could not be recorded simultaneously, the temporal relations 
among pulmonary venous, mitral and aortic flow were 
analyzed by matching records at approximately the same RR 
interval (maximal allowed variation 20 ms). 
Thefollowing Doppler flow velocities from the pulmonary 
vein recordings were obtained: the peak velocity (peak A) 
and time-velocity integral (A wave integral) of the retrograde 
flow corresponding to atrial contraction; the peak velocity 
(peak S) and time-velocity integral (systolic flow integral) of 
the forward flow during ventricular systole; and the peak 
velocity (peak D) and time-velocity integral (diastolic flow 
integral) of the forward flow during ventricular diastole. The 
time intervals measured were the time from the onset of the 
QRS complex to the early systolic peak; the late systolic 
peak; the peak of diastolic flow and the peak of the atrial 
retrograde flow (Fig. I). The time from the reversed A wave 
to the following QRS complex was also measured. 
From the mitral valve Doppler recordings, the following 
time intervals were measured: the time from the onset of the 
QRS complex to the onset of mitral flow, peak early filling 
velocity and peak atrial filling velocity. From the aortic flow 
tracings, the time from the onset of the QRS complex to the 
onset of the aortic flow and the end of the aortic flow were 
analyzed. 
Statistical analysis. Values are expressed as mean values 
± 1 SD. Comparisons between two groups were made by a 
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Figure 1. Temporal relation between pulmonary 
venous , mitral and aortic flow. All measure-
ments but one (number 5) were done from the 
onset of the QRS complex. I = time to the early 
systolic peak (Q-SE); 2 = time to the late 
systolic peak (Q-Sd; 3 = time to the peak of 
diastolic flow (Q-D); 4 = time to the peak of the 
atrial retrograde flow (Q-A); 5 = time from the 
peak of the atrial retrograde flow to the next 
QRS complex (RR - [QRS-A)); 6 = time to the 
onset of mitral flow (Q-OMVF); 7 = time to the 
peak early filling velocity (Q-PE); 8 = time to the 
peak atrial filling velocity (Q-PA); 9 = time to 
the onset of aortic flow (Q-OAOF); 10 = time to 
the end of aortic flow (Q-EAOF). EKG = elec-
trocardiogram. 
EKG 
Pulmonary 
venous flow 
l1itral flow 
Aortic flow 
two-tailed Student's paired or unpaired t test when appro-
priate. Differences among multiple groups were assessed by 
analysis of variance. Correlations between different timings 
were sought by using the least-squares linear regression 
analysis. A p value < 0.05 was considered significant. 
Results 
TransesophageaJ pulmonary venous flow pattern (Table 1). 
All normal subjects exhibited forward (anterograde) flow 
from the left upper pulmonary vein into the left atrium during 
systole and diastole. With the exception of one subject with 
normal sinus rhythm, reversed (retrograde) flow from the left 
atrium into the pulmonary vein could be observed in all 
subjects. The heart rate in this subject was 110 beats/min and 
flow during atrial contraction was absent (merged) in both 
pulmonary venous and mitral flow tracings. 
In 14 subjects (73%), the systolic forward flow was noted 
to be biphasic with both early and late systolic peaks clearly 
identified (Fig. 2). The early ventricular systolic wave 
peaked 123 ± 50 ms after the QRS complex , whereas the last 
systolic wave reached a peak at 285 ± 41 ms after the QRS 
complex (Table I). With regard to the aortic flow. the early 
ventricular systolic wave peaked 35 :t 52 ms after the onset 
of aortic flow (range -70 to 130) and the late ventricular 
systolic wave occurred consistently after the onset of aortic 
flow and before aortic valve closure. Time from the onset of 
aortic flow to peak late ventricular systolic wave was 196 ± 
34 ms (range 140 to 270). The diastolic phase reached its 
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maximum at 588 ± 69 ms after the QRS complex and 36 ± 
35 ms after the rapid filling peak wave (E wave) of mitral 
flow. The atrial filling wave (A wave) occurred almost 
simultaneously in both pulmonary venous and mitral flows 
(859 ± 165 vs. 851 ± 162 ms, p = NS). In 16 patients, the A 
wave occurred before or at the time of the next QRS 
complex. whereas in 2 patients, it peaked after the QRS 
Figure 2. Pulmonary venous flow in a normal subject. A = atrial 
reversal; D = diastolic flow wave; SE = early systolic wave; SL = 
late systolic wave. 
10.2 m/sec 
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Table 1. Timing of Aortic, Mitral and Pulmonary Venous Flows 
Pulmonary venous flow (msJ 
Q-SE 123 :t 50 
S-SL 285 :t 41 
Q-D 588 :t 69 
Q-A 859 :t 165 
Mitral valve flow (ms) 
RR 
Q-OMVF 
Q-PE 
Q-PA 
Aortic valve flow (ms) 
Q-OAOF 
Q-EAOF 
862 :t 179 
467 :t 50 
552 :t 58 
851 :t 162 
92 :t 30 
381 :t 54 
Q-A '" time to peak atrial retrograde flow; Q-D '" time to peak diastolic 
flow; Q-EAOF '" time to end of aortic flow; Q-OAOF '" time to onset of aortic 
flow; Q-OMVF = time to onset of mitral flow; Q-PA = time to peak atrial 
filling velocity; Q-PE = time to peak early filling velocity; Q-S
E 
= time to early 
systolic peak; Q-SL = time to late systolic peak; RR = time from R wave to 
R wave. 
complex. The A wave peak occurred on average 20 ± 43 ms 
(range -140 to 80) before the next QRS complex. 
The time from the QRS complex to the early ventricular 
systolic wave correlated significantly with the PQ interval 
(r = 0.70, p < 0.001), whereas the time to the late systolic 
peak did not (r = 0.1; p = 0.66). The late ventricular systolic 
wave appeared to be related to the timing of left ventricular 
ejection because the time to the late systolic peak correlated 
significantly with the time to the end of aortic flow (Fig. 3), 
whereas the time to the early systolic peak did not (r = 0.27; 
p = 0.36). Conversely, the early ventricular systolic wave 
seemed to be related to the timing of atrial contraction 
because the time from the reversed A wave to the next QRS 
complex correlated significantly with the time to the early 
systolic peak (Fig. 4) but not with the time to the late systolic 
Figure 3. Linear regression between the time from the onset of 
the QRS complex to the end of aortic flow (QRS - EAOF) and the 
time from the onset of the QRS complex to the late systolic wave 
(QRS - SL)' 
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y = 87.1122 - 0.5823x R = 0.78 
P < 0.001 
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Figure 4. Linear regression between the time from the peak of the 
reversed A wave and the next QRS complex (RR - [QRS-A]) and 
the time from the onset of the QRS complex to the early systolic 
wave (QRS - SE)' Negative numbers correspond to tracings in 
which the reversed A wave peaked after the onset of the next QRS 
complex. 
peak (r = 0.1; P = 0.64). In none of the five patients with 
atrial fibrillation was either the biphasic systolic pattern or 
the reversed flow corresponding to atrial contraction ob-
served. However, four of these five patients exhibited bipha-
sic pulmonary venous forward flow. The remaining patient 
showed a biphasic or monophasic forward flow depending on 
heart rate (Fig. 5). 
When patients with one or two ventricular systolic peaks 
were compared, there were no significant differences in age 
or heart rate. However, the PQ interval tended to be longer, 
although not significantly so, in those with two peaks (151 ± 
26 vs. 128 ± 33 ms, p = 0.1). 
Right versus left pulmonary venous flow. In 12 patients, 
right and left pulmonary venous flow velocities were ob-
tained by transesophageal echocardiography. In 1 of the 12 
patients, the right pulmonary venous flow was not interpret-
able, leaving only 11 patients for comparison. Qualitatively, 
the right pulmonary venous flow tracings showed marked 
spectral broadening in 9 of the 11 patients, whereas this 
phenomenon was observed in none of the left pulmonary 
venous tracings. The biphasic systolic pattern in the right 
pulmonary vein could only be identified in the 2 tracings with 
the more laminar-appearing spectral signals, whereas it was 
evident in 7 of the 11 left pulmonary venous flow tracings. 
Reversed flow during atrial systole was observed in all 12 left 
pulmonary venous flow tracings and in 10 recordings from 
the right pulmonary vein. 
Transesophageal versus transthoracic pulmonary venous 
flow. In transthoracic studies, the Doppler beam could be 
placed more parallel to the right than to the left upper 
pulmonary vein from the apical four-chamber view. Thus, 
the tracings from the right upper pulmonary vein were used 
for analysis. 
The sample volume had to be placed at an average depth 
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Figure 5. Pulmonary venous flow in a patient with atrial fibrillation. 
Note a biphasic pattern (systolic [S] and diastolic [D] forward flow) 
with a long cardiac cycle and a monophasic pattern with a shorter 
RR interval. 
of 14 cm. The quality of transthoracic tracings was consid-
erably poorer than that of the transesophageal tracings. with 
marked spectral broadening and a low signal to noise ratio in 
most patients. Thus, qualitative and quantitative analysis of 
the different phases and waves of the pulmonary venous flow 
was more difficult. In fact, in transthoracic tracings. re-
versed flow during atrial contraction could be observed in 
only 7 (37%) of the subjects and biphasic ventricular systolic 
forward flow was not observed in any subject. 
Pulmonary venous flow velocities in normal subjects (Table 
2). Similar values were obtained from the right pulmonary 
vein by both transthoracic and transesophageal tracings. In 
the left pulmonary vein, the early ventricular systolic wave 
velocity was consistently lower than the late ventricular 
systolic wave velocity in all but two patients. The mean 
systolic flow velocity was significantly higher than the mean 
diastolic flow velocity (60 ± 17 vs. 44 ± 9 cm/s; p < 0.0001) 
and in all cases the peak systolic/peak diastolic flow velocity 
ratio was> 1. Peak systolic flow velocities were significantly 
Table 2. Pulmonary Venous Velocities in Normal Subjects 
Transesophageal Transthoracic 
Left Right Right 
Upper Upper Upper 
PV PV PV 
Peak SE (cm/s) 39 ± II 
Peak SL (cm/s) 60 ± 17 52 ± 15t 50 ± 14t 
Systolic flow integral (cm) 15 ± 3.1 12 ± 4.4 11 ± 1.5t 
Peak D (cm/s) 44 ± 9 44 ± 14 41 ± 6 
Diastolic flow integral (cm) 8 ± 3 7.8 ± 4 8.5±3.1 
Peak A (cm/s)* 24 ± 14 17 ± 10 21 ± 16 
A wave integral (em)* 2 ± 1.3 1.8 ± 0.6 2 ± I 
Peak S/Peak D 1.4 ± OJ 1.3 ± 0.4 1.2 ± OJ 
Peak D/Peak A 2.2 ± 1.1 2.5 ± I.7 1.9 ± 0.7 
*Reversed flow; tp < 0.05 and tp <0.001 as compared with the left upper 
pulmonary vein (PV). Abbreviations as in Table I. 
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lower in the right upper pulmonary vein by either technique 
(60 ± 17 vs. 52 ± 15 cm/s. p < 0.05 and 60 ± 17 vs. 50 ± 
14 cm/s; p < 0.05). respectively, whereas peak diastolic flow 
velocities were very similar. Therefore, in contrast to results 
in the left upper pulmonary vein tracings, three patients had 
a peak systolic/peak diastolic flow velocity ratio < 1 in the 
right upper pulmonary vein. Peak flow velocities corre-
sponding to atrial contraction (peak A) tended to be higher in 
the left upper pulmonary vein although the differences were 
not significant. 
Effect of sampling depth on transesophageal pulmonary 
venous flow velocities. In 18 subjects, the effect of the sample 
volume location on pulmonary venous flow velocity was 
evaluated by varying the sampling depth from the left upper 
vein orifice distally into the vein at 0.5 cm increments. The 
number of well defined tracings progressively decreased as 
the sample volume was moved back into the vein. Eighteen 
recordings could be obtained at the orifice level, 10 at I cm 
from the orifice and 6 at 2 cm; 2.5 cm was the maximal 
distance at which recordings were obtained (two patients). 
Qualitatively, spectral broadening markedly increased 
where the sample volume was positioned ;:::: I cm into the 
vein. The flow pattern was also modified (Fig. 6). The 
systolic flow lost its phasic characteristics in four patients at 
0.5 cm from the orifice and in two additional patients at 1 cm. 
Reversed flow during atrial systole was detected at all 
depths. The depth of interrogation had little effect on pul-
monary vein systolic flow velocities (Table 3). However, 
diastolic flow velocities tended to decrease as the sample 
volume was moved distally into the vein and thus the peak 
systolic velocity/peak diastolic flow velocity ratio increased 
significantly. 
Discussion 
Transesophageal echocardiography presents a unique 
window for recording pulmonary venous flow velocities 
because of the transducer location immediately posterior to 
the left atrium. From this position, the pulmonary veins are 
usually clearly located in the near field within 2 to 4 cm of the 
transducer. With the aid of Doppler color flow imaging, flow 
within the veins is easily visualized and near parallel inter-
rogation can be accomplished. These conditions result in the 
ability to record flow from the pulmonary veins and analyze 
the characteristics of pulmonary venous flow, as we have 
described in normal subjects. 
Previous studies. In the current study, we observed that 
pulmonary venous blood flow, as recorded by transesoph-
ageal echocardiography, has four phases in most cases, with 
two forward peaks during ventricular systole, one forward 
diastolic peak and one reversed flow peak coinciding with 
atrial contraction. These descriptions differ from our own 
transthoracic tracings and from previous studies (6,7) of 
pulmonary venous flow in adults, which described a biphasic 
forward pattern of blood flow, with one peak during systole 
and one peak during diastole. Keren et al. (8) studied the 
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physiology of pulmonary venous flow in 13 normal subjects 
using transthoracic Doppler echocardiography. The pulmo-
nary venous flows were obtained using pulsed Doppler 
ultrasound from the apical four-chamber view, with the 
sample volume usually placed in the orifice of the right upper 
pulmonary vein. Without exception, in the normal subjects a 
single first or "J" phase of flow occurred during ventricular 
systole, beginning shortly after the QRS complex (77 ± 
28 ms) and peaking at a velocity of 44.5 ± 10.3 cmls at 229 ± 
57 ms after the QRS complex. A second or "K" phase 
corresponding to ventricular diastole reached its peak of 
53 ± 15 cmls at 558 ± 72 ms after the QRS complex and 
60 ms after the peak early mitral inflow velocity. Forward 
pulmonary venous flow during atrial systole was "either 
very slow or did not occur at all," but no regurgitant waves 
were noted. In contrast, in three patients with absent atrial 
contraction (two with atrial fibrillation and one with sino-
atrial standstill), large diastolic waves with absent or small 
systolic waves were found. 
In a subsequent study, also utilizing transthoracic Dopp-
ler echocardiography, Keren et al. (9) studied four patients 
before and after cardioversion of atrial fibrillation. They 
described immediate transition from a monophasic diastolic 
flow pattern in atrial fibrillation to a biphasic pattern with 
normal systolic forward flow in sinus rhythm. On the basis of 
these observations, these authors (9) suggested that a large 
component of the single systolic or J wave of pulmonary 
Table 3. Effect of Sampling Depth on Pulmonary Venous 
Flow Velocities 
Flow Velocity 
Peak Peak Peak 
Systolic Diastolic Atrial Peak SI 
Depth (cmls) (cmls) (cmls) Peak D 
Orifice (n = 18) 6O±13 44 ± 9 24 ± 14 1.4 ± 0.3 
0.5 cm (n = 18) 6O±13 42 ± 8 22 ± 12 1.4 ± 0.3 
I cm (n = 10) 63 ± 12 42 ± 10 23 ± 14 1.5 ± 0.3 
1.5 cm (n = 6) 57 ± 13 38 ± 6 20 ± 7 1.5 ± 0.2 
2 cm (n = 6) 60 ± 8 36 ± 3" 21 ± 21 1.7 ± 0.3* 
*p < 0.05 with respect to the orifice level. D = diastolic; S = systolic. 
A 
Figure 6. Pulmonary venous flow in a normal sub-
ject at different sample volume depths in the pul-
monary vein. At the orifice level, laminar flow is 
recorded and two systolic waves (SE and Sd can 
be clearly seen. When the sample volume was 
moved back into the vein at 1.5 em, only a single 
systolic (S) wave is noted. A = atrial retrograde 
flow; D = diastolic flow. 
venous flow recorded by transthoracic echocardiography is 
secondary to active atrial contraction. 
Comparison of transesophageal and transthoracic record-
ings. In our experience, the better quality of transesoph-
ageal compared with transthoracic tracings results in two 
major differences between the pulmonary venous flow pat-
tern obtained by both techniques. The first is the almost 
universal presence of flow reversal during atrial contraction 
by transesophageal echocardiography. This reversed A 
wave corresponds temporally to forward mitral flow during 
atrial systole, with its peak occurring on average 8 ms later 
than the peak of the mitral A wave. This wave corresponds 
to the period of "low or absent flow" noted by Keren et al. 
(8) from transthoracic recordings. The peak velocity of this 
flow reversal was not inconsequential, reaching 60 cmls in 
some patients. As would be predicted, this wave is absent in 
patients with atrial fibrillation. 
The second major difference is the finding of a distinct 
early systolic forward flow wave in 70% of normal adult 
subjects with transesophageal echocardiography. This wave 
was not observed with transthoracic echocardiography in 
any subject. Smallhorn et al. (3) described an early systolic 
wave in 30% of normal children. This wave immediately 
follows the reversed flow during atrial contraction and is 
strongly related to the timing of atrial contraction, but not to 
the timing of ventricular contraction. At shorter PQ inter-
vals, it tends to merge with the late systolic forward flow 
wave. The close temporal relation to electrical and mechan-
ical atrial contraction along with the absence of the early 
systolic wave in patients with atrial fibrillation strongly 
implies that this wave is generated by atrial relaxation or 
suction. Although we have termed this wave "early systol-
ic," in patients with a long PQ interval, this early forward 
flow actually precedes the onset of aortic flow. Thus, it might 
be more properly termed a "presystolic" or "atrial relax-
ation" wave. 
The later ventricular systolic wave of forward pulmonary 
venous flow is temporally related to ventricular ejection, 
with its peak occurring approximately 100 ms before the end 
of ejection, but it is not temporally related to atrial contrac-
tion. Studies by Keren et al. (7) using transthoracic record-
JACC Vol. 18, No. I 
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ings of pulmonary venous flow demonstrated a close tempo-
ral relation between systolic motion of the mitral anulus and 
systolic foward flow in the pulmonary veins. Thus, both 
atrial relaxation and displacement of the mitral anulus 
toward the left ventricular apex result in a decrease in left 
atrial pressure and are responsible for generating the systolic 
component of pulmonary venous flow. Our results extend 
these observations and demonstrate that only the second 
wave of forward pulmonary venous flow is related to the 
timing of ventricular contraction. 
Effects of sample depth in the pulmonary vein. The depth 
at which pulmonary venous flow velocities should be re-
corded by transesophageal echocardiography has not been 
established. In the current study, we demonstrated little 
significant change in ventricular systolic flow velocities with 
increasing depth within the upper left pulmonary vein. 
Occasionally, pulmonary venous flow velocities can be 
recorded as far as 2.5 cm into this pulmonary vein; however, 
with other pulmonary veins, recordings are limited up to 
0.5 cm from the orifice. Significantly, the success of obtain-
ing interpretable tracings declines rapidly beyond a depth of 
1 cm. For research and clinical purposes. a depth of 0.5 to 
1 cm provides the optimal compromise between interpret-
able velocities and stable recordings. 
Effect of sample location. Transesophageal recordings 
from the left upper pulmonary vein were almost uniformly 
laminar, whereas right upper pulmonary vein recordings 
usually exhibited marked spectral dispersion. In addition. 
peak systolic flow velocities were significantly higher in the 
left than right upper pulmonary vein by both transesophageal 
and transthoracic echocardiography. This may explain why 
the normal peak systolic/peak diastolic flow velocity ratio 
obtained in the present study is higher than that reported 
from many transthoracic echocardiographic studies (8,10). 
This may represent the difficulty in completely "opening 
up" the right upper pulmonary vein and obtaining truly 
parallel interrogation rather than a difference in true blood 
flow characteristics between the two veins. The same tech-
nical difficulty applies to the presence of two ventricular 
systolic peaks, which was rarely appreciated in right upper 
pulmonary vein recordings and has not been described with 
surface echocardiography in normal adults. 
Clinical implications. The more complete evaluation of 
pulmonary venous flow afforded by transesophageal echo-
cardiography now allows the separation of the relative 
contributions of atrial relaxation and ventricular contraction 
to ventricular systolic forward pulmonary venous flow. In 
the clinical setting, pulmonary venous flow analysis is cur-
rently being used to assist in the quantitation of the severity 
of mitral regurgitation (11) and shows promise in the ability 
to predict pulmonary wedge or left atrial pressures (12,13). 
In addition, pulmonary venous flow variables used in con-
junction with mitral flow indexes are an attractive means of 
evaluating left ventricular diastolic function noninvasively 
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(4). This description of the normal pulmonary venous flow 
pattern will allow better understanding of the effects of 
pathologic conditions on pulmonary venous flow and possi-
bly provide further insight into the mechanisms of atrial and 
ventricular systolic and diastolic function. 
Conclusions. Transesophageal echocardiographic record-
ing of pulmonary venous flow demonstrates a four phase 
pattern of flow in contrast to the two phase pattern recorded 
with surface echocardiography. An early systolic peak can 
be clearly distinguished from a late systolic peak in 70% of 
recordings from the left upper pulmonary vein. This early 
wave is strongly related to the timing of atrial contraction 
and appears to be secondary to atrial relaxation. In addition, 
the reflux of blood from the left atrium to the pulmonary vein 
coinciding with atrial contraction is clearly recognized on 
transesophageal echocardiographic recordings as a reversal 
of flow immediately before the early systolic forward flow. 
We are grateful to Susan Buenger Johnson for superb secretarial assistance. 
References 
I. Pearson AC, Nelson J, Kanter J, Williams G, Labovitz AJ, Ratcliff J. 
Effect of sample volume location on pulsed Doppler-echocardiographic 
evaluation of left ventrIcular filling. Am J Cardiac Imag 1988;2:40-6. 
2. Lew WYW. Evaluation of left ventricular diastolic function. Circulation 
1989;79:1393-7. 
3. Smallhom JF, Freedom RM, Olley PM. Pulsed Doppler echocardio-
graphiC assessment of extraparenchymal pulmonary vein flow. JAm Coll 
CardlOl 1987;9:573-9. 
4. Nishimura RA, Abel MD, Hatle LK, Tajik AJ. Relation of pulmonary 
vein to mitral flow velocities by transesophageal Doppler echocardlOg-
raphy: effect of different loading conditions. Circulation 1990;81: 1488-97. 
5. Takenaka K, Amano W, Sakamoto T, Suzuki U1, Shiota T, Sugimoto T. 
Transesophageal two-dimensional and Doppler echocardiography: ten 
representative views. Am J Noninvas CardioI1989;3:18-21. 
6. Keren G, Meisner JS, Sherez J, Yellin EL, Laniado S. Interrelationship 
of mid-diastolic mitral valve motion, pulmonary venous flow, and trans-
mitral flow. Circulation 1986;74:36-44. 
7. Keren G, Sonnenblick EH, LeJemtel TH. Mitral anulus motion: relation 
to pulmonary venous and transmitral flows in normal subjects and in 
patients with dilated cardiomyopathy. Circulation 1988;78:621-9. 
8. Keren G, Sherez J. Megidish R, Levitt B, Laniado S. Pulmonary venous 
flow pattern: its relationship to cardiac dynamiCs. Circulation 1985;71: 
1105-12. 
9. Keren G, Bier A, Sherez J, Miura D, Keefe D, LeJemtel T. Atrial 
contractIOn is an Important determinant of pulmonary venous flow. J Am 
Coli Cardiol 1986:7:693-5. 
10. Klein A, Burstow KJ, Taliercio CP, et al. Effect of age on pulmonary 
venous flow velocities in normal subjects (abstr). J Am Coli Cardiol 
1989;13(suppl):50A. 
II. Castello R, Pearson AC, Lenzen PM, Labovitz AL. Effect of mitral 
regurgitation on pulmonary venous velocities derived from transesoph-
ageal echocardiography color-guided pulsed Doppler imaging. J Am Coll 
Cardioll99I;7:1499-506. 
12. Kuecherer HF, Muhiudeen lA, Kusumoto FM, et al. Estimation of mean 
left atrial pressure from transesophageal pulsed Doppler echocardiog-
raphy of pulmonary venous flow. Circulation 1990;82: 1127-39. 
13. Klein AL, Stewart WJ, Litowitz H, et al. Pulmonary venous flow 
assessment of mitral regurgitation: a simultaneous left atrial pressure and 
transesophageal echo Doppler study (abstr). Circulation 1990;82(suppl 
III):III-552. 
